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I. INTRODUCTION

After oxygen, water ls the most important constituent of many

living organisms. In general, the body 1s able to regulate its
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water content to meet the vicissitudes of the enviromment. However,

conditions such as exercise, heat, cold, and altitude may upset an

- organism's homeostasis. Various homeostatic mechanisms must then be

activated to return the varlous physiological systems to within thelr
normal operating limits. Failure to do so may cause severe derangement
and sometimes the death of the organism.

The voluntary ingestion of water is one of those homeostatic
mechanisms. Voluntary drinking in humans is usually stimulated when
the body water decreases about one percent and the latter is normally
regulated to within + 0.22 percent of the body weight (189). The turn-
over of total body water in humans has been estimated -at 11 days (r9)
and 13.3 + 2.2 days (152). Under some circumstances a deficit of body
water occurs such tilat the normal intake mechanisms are not sufficient
to insure complete rehydration until some time has passed. This delay in
complete rehydration following dehyiration has been termed voluntary
dehydration. '

The term, coined by Adolph et al. (11), is misleading in that it
leads the reader to assume that the resulting dehydration following
drinking occurs voluntarily. The opposite is the case. The dehydrated
person voluntarily rehydrates and the resulting degree of water deficit
occurs involuntarily. However, the term voluntary dehydration is
firmly entrenched in the literature and any attempt to change it would
only lead to confusion. ~

The importance of maintaining an adequate water and salt intake
while working in hot enviromments is well known (L9). Men on ad libitum

water while working became exhausted much earlier than other men
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drinking water equal to their sweat loss (27). Victims of ﬁeat
prostration, acute anhidrotic heat exhaustion, and plain heat ex-
haustion are sometimes dehydrated and often exhibit little or no desire
to drink. These heal diseases have been Observed in the natural en-
viromment by Bannister (24) and during heat acclimatization studies

in the laboratory (174). Bannister's observations were confirmed
experimentally by Sargent and Johnson (150). The most important factor
limiting work ocutput is the restriction of water, not food (20). Like
food, physical fitness is also of secondary importance to water (53)
and even tough, well-acclimatized men will succumbd if sufficient water
is not available (137). Sodium chloride is a very important adjunct
to water intake and low salt intakes lead to water abstention (1T4),
while excessive salt consumption sometimes leads to polyuria because
more water is obligated to rid the body of the excess salt. Leithead
(111) concluded that dehydration reduces sweating and predisposes one
to heatstroke and death.

Thus it can be seen that understanding the mechanism of voluntary
dehydration mey help alleviate many of the heat diseases arnd increase
working efficiency in hot enviromments.

Since Wolf (189) discussed the entire topic of thirst and drinking,
no attempt wilil be made here to duplicate his review. i&his review is
intended to summarize the literature pertaining to the lag in rehydra-
tion following water loss in man, as well as in other animal;:f The

fact that dogs, cats, rats, camels, and burros do not show as great a
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degree of voluntary dehydration as ma.n-served to focus atterntion to
the problem, Perhaps, after studying the observatlons on amimals ,’ some
insight may be gained concerning the species differences in the lag in
water intake and the controlling mechanisms.

The general area of water metabolism has been reviewed elsewhere
(7,38,148,154). These works and those pertaining to more specific
topics, such as the role of water taste receptors (116,192), the phy-
siological and pharmacological control of hunger and thirst (16), the
dispersion of ingested water (146), and the nervous integration of
water and salt metabolism (69) will be drawn upon when considering
possible mechanisms of voluntary dehydration.

IT. VOLUNTARY DEHYDRATION IN MAN
A. Envirommental Parameters

The phencmenon of voluntary dehydration was observed many years
ago by Hunt (91) in an experiment on the salt content in sweat follow-
ing heat exposure. He cbserved that if the body water was extensively
drawn upon, replacement toock many hours and that restricted drinking
might be harmful, an idea contrary to popular oplniocn in those days.
In the early part of the twentieth century it was common for desert
travelers to drink very little water during the heat of the day, the
deficit being mede up during the evening meal. Chase (37) told of
eating a cold supper, drinking about five gallons of water, smoking
a pipe, and enjoying a shower-bath of the desert sort, by means of
his tin drinking cup and then retiring. This was a perfect description

of voluntary dehydration, although it was not recognized as such.
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Vernon and Warner (181) observed that their subjects always drank
less water than they lost by sweating, particularly at high temperatures.
Lee and Mulder (107) studied the effects of a hot moist (Dry Bulb
Temperature = 36.1° C, Wet Bulb Temperature = 33.3° C) and a hot dry
(D.B.T. = 43.3%, W.B.T. = 32.2°%) enviromment on male subjects who had
had no food or water for 12 hours, noting particularly the reaction to
food (L4 dry crackers, 1 oz. butter, and two boiled eggs) and water
intake. They emphasized the emotional factors of the subjects during
heat exposure and compared thirst feelings between the two environ-
ments. The consumption of the standard meal was nearly always followed
by an exaggeration of the sense of lassitude, discomfort, and tendency
to mental irritability which persons experience in the heat. Drinking
water seemed to alleviate the symptoms somewhat. Thirst was much less
marked in the wet room than in the dry. The difference in effective
temperatures (dry = %5.0° C, wet = 33.8° C) would indicate that the
reason for the difference lies beyornd envirommental parameters. The
possibllity that the humidity influences thirst should not be overloocked,
as the work of Kaufman (99) suggests. After leaving the hot-dry room
thirst persisted in spite of large draughts of water, indicating that
water inteke was somewhat depressed during the heat exposure.

The Harverd Desert Expedition to Boulder City, Nevada, in the
sumer of 1937 provided much information on water balance in the heat.
Heat balance was observed to be regulated about 10 times as accurately
as water balance over 2k-hour periods. Water, always on the deficient

side, stayed unbalanced for hours, while heat, always in excess, was
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being continually lost and was back in balance within one hour after
cessation of exercise (2). Fluid intake roughly paralleled the daily
maximm temperature and the loss of water in urine and sweat accounted
for more than half the total water turnover. It was observed that
the various subjects regained their initial water balsnce, as
measured by total body weight, with a precision of four to ten percent
of the amount of water exchanged (13) « The times of day &t which most
water was ingested were with meals and immediately after exercise.
During exercise there was little desire to drink, yet during this
time two to three liters of water were lost by evaporation. Satisfac-
tion was obtained when half of the fluid deficit had been restored.
Several possible ways of viewing this result suggest
themselves. It is possible that, since some solute as well as
water was lost, only enough water was required by the subject
to render the concentration of the body fluids equal to their
previous state. Another doubtful view is that the new content
of the stomach or other portions of the alimentary tract is
sufficient to allay thirst for the time being. It should be
noted that the desire for water is assuaged before much of the
water hes been absorbed into the blood stream or any other
tissue; and even after absorption has occurred only 50 to TO

percent cf the water deficit has been replaced within an
hour (13).

Also, pre-exercise ingestion of one liter of water was not excreted -
in the urine ard when dilute sodium chloride was drunk in place of
water, the former was retained for several hours before being required
for sweat formation.

Dill (47} commenting on the dry mouth theory of thirst, observed
that although he lost 2.8 kg. of body weight during an experiment

and had a dry mouth, O.4 kg. of water was enough to satisfy his thirst.
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Eichna et al. (53), in a study of performance in various hot,
humid enviromments, found that no subject voluntarily drank enough
water to replace the losses in sweat. Furthermore, the feelings of
thirst did not develop until considerable water deficits were incurred.
On the first day of the study larger water deficits were observed than
on succeeding exposures. As the exposures progressed, the voluntary
water intake durirng work increased and more nearly approached the
sweat loss. This increase in drinking resulted in smaller water
deficits and an increase in performance. It was not clear whether the
voluntary increase in water intake was due to the removal of symptoms
masking thirst, an increased sensitivity of the thirst mechanism,
or merely a learning of the need for water. Bean (26), commenting
on the Fort Knox experiments conducted during World Wer II, obsérved
that: 1) the pattern of thirst changed drastically with acclimatization--
voluntary dehydration on day 1 averaged one liter but was reduced to
one-half liter by day 5; and 2) when large quantities of water were
required, there was a phase in vhich the stomach rebelled and the
subjects vomited after which they could drink and retain large amounts
of water. Molnar et al. (122), after comparing water balances of
troops in the California desert and the Florida tropics, observed that
in the desert the average 2h-hour fluid intekes and sweat outputs were
twice as great as in the tropics, but the average urinary volume and
urinary salt excretion were the same in both enviromments. They con-
cluded that water and salt intakes were increased in proportion to the

increased losses. Australian cane-cutters, working at 250 south latitude
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at about 90° ¥, had a mean fluid intake of T.OL + 1.08 liters during the
8-hour work period. Their average weight loss during this period was
about 9.1 kilograms; about two kilograms more than the ingested water (117).

The effect of climate on food apnd water intake has been in-
vestigated (183) and water intakes were observed to be essentially the
same in the temperature range -20.9° C to +15.6° C. Above 15.6° ¢
there was a sharp increase in water inteke presumably due to increased
sweating. In the cold and temperate climates there was a relatively
constant ratio of water to caloric intake. Above 1.5.6o C this ratio
increased markedly (183). A similar relationship between ambient
temperature and water consumption has been cbserved in infants as well
as adults (118).

People born ard ralsed in arid reglons seem to exhibit a much
greater resistance to heat and dehydration than people in Western
civilizations. Adolph (4) suggested there was some evidence that ex-
posure 1o heat 1n infancy may improve heat tolerance in later years.
Shaper and Spencer (158) cited instances where Samburu warriors, in
Northern Kenya, were sufficiently conditioned at most times to walk
thirty miles or more a day in the hot sun with little chance of finding
water more than once. There were recorded instances where warriors
traveled TC miles a day undexr the same conditions.

Burns (2L) investigated the diet, water intake, and urine varisbles
of the Ababda tribespeople living near the Marsa Alam well in the

Eastern Desert of Egypt near the Red Sea. The specific gravities of

LA
- xerol



JEREY,
_XERO}

-0-
Tl percent of the people tested were in the 1.020 to 1.030 range. The
specific gravity did not seem to be influenced by the time since the
last drink of water. Two of the subjects had had no water for 12
hours-- a remarkable period of time in the desert--and their urine specific
gravities were still in the 1.020 to 1.030 range. Americans, serving
as control subjects, had urine specific gravities ranging from 1.030
to 1.041 despite a liberal intake of water. The urine sodium, os-
molarity, and total electrolytes were essentially the same in the cone
trol and native subjects, while nitrogen and potassium were considerably
higher in the controls. The natives, then, when confronted with a
diminished water intake, did not exhibit an increased urine specific
gravity. Water depleted natives had lower specific gravities than con-
trols drinking ad libitum. It is possible that the Americans were
undergoing some degree of voluntery dehydration. A more likely ex-
planation is that the natives have adapted to the lack of water in much
the same fashion as the desert travelers described bj Chase (57).
Voluntary dehydration was evident in five resting men in flying
suits undergoing thermsl stresses of 46° ¢ (115° F) and 54° ¢ (130° F)
(99). Two levels of water vapor pressure, 10 and 20 mm. Hg., were
employed at esch temperature. All five subjects completed 8 hours at
46° ¢ - 10 m. Hg. Voluntary debydration was approximately 3.5 per-
cent of their bcdy weight. In the other three experiments; 46-20, 54-10,
and 5L-20, the mean tolerance times were 4.4, 4.1, and 2.2 hours

respectively. The final dehydrations were about 3 percent in each of
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the three experiments and the amount of heat stored per kilogram of
body weilght was essentially the same in each case. Thus, heat tol-
erance seems to be related to the time it takes to becone water depleted
to about 3 percent of the body weight. The final rectal temperatures
were about 58.50 Cc (lOlO F) and heart rates were agbout 130 beats per
minute, neither of which would necessarily be incapacitating. The

food intake was completely inhibited in the 54-20 experiment and the
water intake nearly so (39 g/hr). During the other three experiments
the food consumed averaged 180 grams and the average water consumption
was about 120 grams per hour. This gross inhibitien of water intake
while subjects were performing in very stressful enviromments was

also observed Dy Greenleaf (T4). It appears that the lower limit of
envirommental temperature associated with this inhibition of drinking
is 120°. Kaufman observed it during one of his 54.4° ¢ (130° ¥)
experiments but in neither of the 16° ¢ (1150 F) experiments. Greenleaf
observed it in subjects previously dehydrated gbout 5 percent of the
body weight walking at 6.1 km/hr at 47° ¢. It is cleer that para-
meters cther than temperature alone mitigate this inhibition of drink-
ing. The highest water consumption in Kaufman's study (225 g/hr)
occurred during the 54-10 experiment. In Greenleaf's study various
combirations of termperature (49° ¢ or 24° C), exercise (6.k km/hr

or resting), and previous dehydration (5 percent of body weight or

ad libitum) resulted in an ichibition of water intake, roughly pro-
portional to the degree of the total stress Imposed. Thus, such factors

as heat, humidity, exercise, and previcus dehydration may not affect



¥rRO}

=11~

voluntary water consumpbtion when encountered singly, but if taken -
in combination their effects may be considered additive and result in
increasing inhibition of drinking.

Voluntary dehydration has also been observed in subarctic
similated survival situations (145). A diminished voluntéry intake
during 5 days of starvation was the principal cause of water deficits
because the urine volumes were not increased above the control volumes.
The days the voluntery dehydration was most severe were also the days
of greatest sodlum excretion. If greater amounts of water were taken
during the periods of increased sodium excretion, the urine volumes
were correspondingly increased and the finel net water deficits were

the same as the others. In 5 days the subjects lost 15 percent of

.their extracellular fluid volume; it was an isotonic fluid loss. These

observations strengthen the volume receptor theory of thirst (189).
B. BSalt and Food Inteke

Arden (21) cbserved the reactlons of his subjects after they
drank 200 ml. of a ten percent saline solution. Thirst was evident
after thirty minutes and the mouth was becoming dry by the end of an
hour. Saliva secretion ceased entirely at two hours, the mouth was
parched and thirst was excessive. Seven hours after the salt was
taken, “hirst hed almost disappeared and the mouth was moist, even
though trhere was still a considerable amount of excess salt in the body.
When 15 grams of potassium were taken, there was no thirst. Arden
suggested that thirst might be goverred by the sodium ion alone.

Subjects undergoing starvation and offered water ad libitum
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following dehydration, retained only part of the water ingested even
though considerable deficits were present. However, enough was re-
tained to dilute the serum sodium slightly below 1ts initial con-
centration so that the body water became hypotonic (186).

Baker, Plough, and Allen (23) presented evidence that voluntary
water intake was roughly proportiocnal tc sodium chloride intakes of
393 (11.8z) and 530 (15.8g) milliosmols per liter. With salt intakes
of 803 and 1,104 mOsm., the water intake of four out of six subjects
was severely diminished. The fact that simple water deprivation delays
rehydration throws doubt on the hypothesis put forth by Smith (164)
that rehydration follows salt replacement. In simple, uncomplicated
dehydration the salt content of the body would be normal or even
slightly eleveted (31); this should stimulate drinking and normal
hydration should occur rapidly. This does not always happen (23).
Thus . voluntary dehydration occurs with either an elevated or de-
pressed servm salt concentration. In an experiment to test the effect
of salt reflacement in reducing voluntary dehydration, there was an
Increase in fluid intake and a. decrease in urinary volume but they
were not considered statistically significant (147). However, Coller,
and Maddock (43) observed a patient who lost aﬁout four kilograms of
water over fovr days and drank six liters of water during the first
recovery day.

MceClendon (120), in experiments on normal men, observed that

drinking water while fasting resulted in small changes in blood volume;
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all of the ingested water was excreted within a few hours. If LOO
grams of glucose were taken with 2,400 grams of water, there was a
marked increase in blood volume due to water retention and an increase
in body weight of about one kilogram.

The effect of administering saline solutions in improving body
water retention was confirmed by lLee and Boissard (106) and Lee et al.
(108). When the salt intake was low (6 g/day), men working in the
heat and drinking water ad libitum lost more than twice as much weight,
drank less water and sweated less than those on the moderate salt
intake(15 g/day) . The low salt group ended the first 24 hours with
dehydration of 2.5 percent of the body weight compared to a O.T7
percent deficit in the moderate salt group. Dill (47) and Nadal,
Pedersen, and Maddock (129) also observed the failure of the thirst
mechanism follcwing a low salt intake.

When 81 mine workers were queried concerning fatigue , Sweating,
headaches, and cramps, 11 of the workers denied drinking any water
at all during vorking hours. Several mirers mentioned that they con-
sumed literal emounts of salt at mealtime (138). ILadell (105)
thoroughly investigated the effects of water and salt intake on per-
formance in the heat. One important conclusion was that subjective
effects were more marked than objective effects in subjects on various
salt and water regimes.

A slightly larger mean voluntary dehydration was observed in

Indian subjects eating 19 grams of sodium chloride per dey than in those
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eating 38 grars during eight hours of work in the heat for six con-
secutive days (119). It was concluded that the high salt intake
was unnecessary.

A relatively constant ratio of food to water intake has been
observed in humens. After four days of refeeding following acute
starvation with hard work, the plasma and thiocyanate space volumes
exceeded the control values by 12 and 5 percent respectively. This
was evidence that the recovery weight was due in large part to an
increase in body fluids. Forty percent of the weight gained was
accounted for by an increase of 2.4 liters in the thlccyanate space (175).
Competitive lumberjacks reduced a good portion of their voluntary
dehydration by drinking special mixbures of sugar and m}lk.or cther
heavily sugared drinks during the work period. There was an average
weight loss of 1.2 + 1.5 kilograms during the competition and that
was largely made up at mealtime (97).

C. Sweating and Electrolytes

When discussing the magnitude of voluntary dehydration, a com-
parison is usually made between the sweat loss and the time it takes
to drink back an equivalent amount of water. Since the blood chloride
remains constant or decreases slightly following a bout of heavy sweat-
ing, and the concentration of chloride in sweat is usually less than
in serum, the serum chloride should increase following sweating because
there is & relatively greater loss of water than chloride from +the

serum. Itch (92) studied the effect of walking in the heat, without

xERo!



v
vERo

-15-

eating or drinking, on variations in sweat and urine chloride. Water
was given ad libitum following the exercise and a marked lag in re-
hydration was noted. Iich also emphasized that thirst varied cone
siderably between individuals. Jchnson, Pitts, and Consolazio (93)
investigated the effect of ingested water on sweat chloride and con-
cluded that: 1) sweat chloride ircreased during work, 2) serum chloride
increased when water was withheld and decreased after drinking, and

3) there was no apparent correlation between sweat and serum chlorides.
They also founc that sweat chloride decreased more after ingestion of
sgline solution than after an equal volume of water.

During a steady state of water intake, the ratio of the rate of
chloride excretion to the rate of excess walter excretion is egual to
the normal plasma concentration. Considering renal excretion, the
regulation of the plasma chloride concentration takes precedence
over the regulation of body volume (188). Thus the body will dehydrate
itself to meintain a constant plasma chloride concentration. Smith (164)
mentioned that following sweating. man quenched his thirst with a
little wateryand the total volume of body fluid was restored over a
period cof hours or days as the lost salt was replenished through the
dietary intake.

Ancther rhencmenon associated with drinking and possibly with
the lack of it is the outburst of sweating that often follows water

consurption. Le

(1]

and Mulder (107) mede the following cbservations on
the reaction: (1) The water must be swallowed, rinsing out the mouth
is ineffective. (2) Isotonic saline produces the same effect as

water. (3) The onset of sweating begins within three minutes after

PRTARE I e
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drinking. (&) The outburst of sveating begins before there is any
noticeable dilution of the blood. (5) The degree of response is
roughly proportional to the amount of water ingested. (6) If food
is taken with the water, the response is delayed and of lesser mag-
nitude. Saitc (149) observed the outburst of sweating after drinking
water at 50, 36.50, and 500 C in eight men and one woman following a
two-hour bout of exercise or following a rest period. Sweating began
immediately after drinking the 500 C water and stopped within 15 to
25 minutes. If the subjects:were sweating when the 50 water was taken,
a sudden inhibition in the sweating occurred which lasted about ten
minutes. The sweating returned gradually during the ensuing ten
minmutes, but there was no compensatory increase. The effects of drink-
ing the 56.50 water varied with the sweating condition of the subject.
Nonsweatirg subjects showed no change but sweating subjects exhibited
a transitory cutburst. If the 56.50 water was drurnk following mus-
cular exercise, a profuse outburst occurred which lasted about 30
mimites. The ocutburst following the SOO water and the inhiﬁition after
the 50 water were attributed to a reflex mechanism while the effects
of the 56.5O'water were ascribed to an increase in blood water.

The state of previous hydration has also been suggested as a
coptrolling feetor in this sweating Tthenomencn. After drinking 300 ml
of 550 C water following intolerable thirst, the subject felt hot, was
flushed, and sweating was Increased by three grams per minute and was

maintained for 20 minutes. Carbonated water caused an even stronger
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reaction. If the subject was not thirsty, drinking caused a much
milder sweatirng reaction (151). It is entirely possible that the
pharyngeal-satiating component of drinking was responsible for this
outburst of sweating. If the shutwoff mechanism for drinking were con~
trolled by the amount of water passing the pharynx, it would be much
easier to explain voluntary dehyiration. Thus, drinking would cease
when a measured amount of water was swallowed. The setting of the
vharnygeal "flow-meter” might then be conmtrolled by such things as blood
osmolarity, gastric distension, the volume of body water, etec. Whether
the ocutburst of sweating following drinking is related to voluntary
dehydration or is Jjust a by-product of drinking remains to be elucidated.
Absence of thirst has been cbserved in patients exhibiting

hypernatremia and hyperosmolariiy of the body fluids (102, 59). However,
the latter case wag complicated by a cerebral lesion. Avioli, Earley,
and Kashima (22) described a case in which 2.5 percent saline was ad-
ministered to an alert, ambulatory patient. The serum osmolality was
raised to 335 ard the sodium to 179 meq/l and no thirst or other dis-
comfort was preseﬁt. Diabetes insipidus was also present which would
tend to incresse thirst. OScme time later the patient died. Post-
mortem study revealed widespread hypothalamic destruction. Thus, thirst
accompanying cerum hyperosmolality and hypernatremia seems to depend
upon hypothalamic integrity.

nhere is no doubt that one of the principal stimuli for thirst
is the rise in osmolal concentration. Other effective stimuli include

extracellular volume changes, oral sensations, conditioned reflexes,



and habit patterns {54).
D. Dehydration

Simple water deprivation can lead to voluntary dehydration.
Nadal, Pedersen, and Maddock (129) investigated the two types of de=-
hydration; primary salt loss and water loss not accompanied by a cor-
responding loss of salt, and found that thirst was not present in both
types. It was present only in the water deprivation type and was often
completely gbsent in the extracellular, or salt-loss, type of dehydration.

It was interesting to note that a change in hydration up to two
percent of the body weight could occur without a corresponding change
in salt or solid content. Rothstein, Adolph, and Wills (147) cbserved
that voluntary dehydrations of two to three percent were not uncommon
in field tests. In some cases the failure to voluntarily maintain
water balance rssulted in considerable dehydration, even approaching
dehydration exnzusticn. These levels of dehydration led teo fatigue,
apathy, low morale, unwillingness and inability to undertake strenuous
activity, and generalized discomfort. The implication here was that
perhaps water intake was regulated to within two percent of what it
theoretically should be if the salt concentration were the basis for
measurement.

In ancther study concerning cnly water depletion, Black, McCance,
and Yourg (31) investigated two subjects who abstained from water for
three and four days respectively. They alte a dry diet adegquate in
protein, calories, and salt. Thirst was never unbearable, but the

third day their voices became husky and it was difficult to swallow.
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By the fourth day there was a suggestion of cyanosis around the sub-
ject's lips. The appearance of ill-being vanished within a few hours
following restoration of fluid. Thus the sympto%ns of the dehydration
were removed long before physiological rehydration was completed. ."Many
of the subjects lost all their desire to drink as scon as the first

pint of fluid hed been taken" (31). Greenleaf (73) also cbserved

these same phenomena. t appeared that the body adapted in some fashion
to the chronic water depletion. It has been shown that men drank back
less of the water they had lost after the second period of dehydration
than after the first (1L47). Rothstein, Adolph, and Wills named and
defined voluntary debydration and studied it in desert troops. Their
work may be summarized as follows: (1) Voluntary dehydration occurs
between meals and the deficit, if it is not too large, is made up at
mealtime. (2) The voluntary debydration measured in men marching, in
tank crews, in ground crews, and in pilots was between two and five
percent of the body weight. (3) Voluntary dehydration can be reduced
if no meals ars missed, if sufficient pure water is asvailable and if
ample leisure is provided between meals for the men to quench their
thirst. (4) Unnecessary activity should be eliminated because sweating
leads to a greater voluntary dehyiration. (5) Men should be encouraged
to drink more water than they feel they want. (6) The greater the

loss of tody water, the greater the length of time needed to remove

the deficit.
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It was suggested that voluntary dehydration might become more insidious
as the day passes if the body adapted to the water deficit.

Wills (185) suggested that the capacity of the stomach prevented
rapld rehyration. In 29 paired tests, within two hours after com-
pletion of the marches, those who had marched without any water reduced
their deficits of body weight equal to those drinking ad libitum dur-
ing the marches. The men drank rapidly during the first 15 to 20
minutes of the rest period. Their total loss of water was replaced if
it was not greater than two percent of the initial body weight. Any
residual deficits were made up vwith meals. Cool water was the most
preferred drink. Flavored drinks, warm, and salted water were less
palstable.

Schar, Kaly, and Adar (166) marched 19 physically fit young men
from Eilev, ino tke south of Israzel, to Metulla in the north, a distance
of 370 wiles, in 24 days (including three days of rest) during August,
1959. The mer averaged about 17 miles per day carrying a 35-pound
load. Veoluntary dehydration could be essentially prevented .by pro-
vidirng a cocld, sweetered, fruit flayored drink, as well as cool water.
Beer, milk, apd carbonated beverages were not sultable for drinking in
large guantities. It was decided that the temperature of the drinks
should be 10-12.8° ¢ (50 o 55° F). Voluntary dehydration was further
reduced by hevirg the men march two to three hours and providing rest
pericds of 20 to 30 minutes. Trhe latier allowed more time for drinking

than the usual ten minutes rest per hour employed by the military.
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Leitheed and Pallister (113) and Leithead (112) studied the re-
lation between dehydration and sweating during the heat acclimatization
of 18 fit men of the Royal Air Force.. The daily fluid intake of their
subjects averaged six to seven pints per man, not enocugh to maintain
circulatory stability, nor a satisfactory urine output. The water
supply was located across the compourd in the mess-hall; most of the
men preferred to stay in their barracks and endure the thirst, thus
accentuating their wvcluntary dehydration. Further, the authors con-
cluded that dehydration caused a reduction in sweating, both on the
basis of their own data and after a critical review of the literature.
Thus voluntary dehydration possibly takes on another dimension. Ellis
et al. (58) and Ellis, Ferres, and Lind (5T) obtained results similar
t0 Leithesd and Pallister in that increased consumption of water pro-
duced mcre sweat and less water produced less sweat. The greater the
amount of cool weter consumed, the slower the rise in the rectal tem-
perature and the longer time resting subjects could erdure an enviromment
of nearly saturated air at 27 40 ¢ (99.’4O F).

Yoshimura et al. (190) had a unique opportunity to study a Buc.ldhist
bishop, Scken Enami, 46 years old, who underwent complete food and
water deprivation for a period of eight days during religious rites. The
rites were divided into three parts. The first lasted 100 days during
which time the priest ate vegetable foocd composed mainly of potato, buck-
wheat flour, and other vegetables except cereals. On the first day of
the starvetion pzriod which followed the 100 day dietary period, he

ate two meals, morning and noon.
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Then complete starvation commenced and continued tc the ninth day.
During this period he performed his religious functions and prayed
before a large fire for about 90 minutes per day. The remaining time
was spent resting and sleeping in his bed. The priest rinsed his
mouth with water when severe thirst occurred, but all the water was
spewed out. The third part of the rites, the rehabilitation period,
commenced on tihe morning of the ninth day. First he drank a cup of

water comtaining wood from Magnolia ovovata, then some "Amazake" (a

Japanese hot drink consisting of steamed waxy rice granules cultured

with Aspergilius oryzae; this was added to a rice gruel and heated at

60o C for several hours). Thus he gradually increased his fcod and
drink and was rehabilitated. Conspiciocusly absent from the report

was the mention of the priest gorging himself with wa‘ter'on the ninth
day. The self discipline of such a person would have precluded such

a displey; it is entirely possible that he simply was nct very thirsty
after his first few drinks. There was a gradual increase in the water
and food consumption during the recovery period. The caimness and
self control of Fishop Ernaml was in marked contrast to the reactions of
Captain Tolan's men who were without water for three days in the Texas
desert (100). Trey could not refrain from gulping down water which
was promptly vemited up. The same thing occurred whén they tried to eat
dry food. It is clear tha®t mental and physical cquietude is essential
for adaptaticn tc toital starvation and dehydration. It is rescognized

that the two envirommental conditions are not directly comparable; the
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desert imposed a mmuch greater load on the body water than the en-
viromment in the Buddhist's temple. One cannot help wondering what
effect a real survival situation, as compared with a controlled sit-

vation offering no danger, has on the sensation of thirst and the phy-

siological reactions during rehydration.

0

E. Gastrointestinal Factors

The gastrointestinal system is important in the control of water
balance. All ingested water must be absorbed by this system before
entering the body tissue. Salivary secretions (36), rharyngeal move-
ments (104) and stomech distension (185) have all been implicated in
the thirst activation and satiation mechanisms.

Wilks (184) cited three patients who had intense thirst as a
result of displacement of the stomach due to a diaphragmatic hernia.
The patients filled {their stomachs with water and they drank still
more. Exercise zlsc influences the emptying time of the stomach. The
average emptying time was 37 minutes longer resting than walking (150);
running slowly for two to three miles retarded the secretion of gastric
juice and decreased the rate of emptying, whereas walking increased
emptying; welking with a friend and talking further hastened emptying,
emphasizing the importance of emotional factors in digestion (80). The
amount of exercise needed to delay digestion varied with the physical
fitness of the subject, and it was concluded that the retardation in
digestion was proportional to the amount of distress cavsed by the
exercise (35). Compared with water, an equal volume of 50 percent dex-

trose solution did not change the emptying time of the stomach at rest
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or after mild exercise (98).
Gastric emptying time was faster at 48.9° ¢ (120° F) than at
250 c ('TTO F) in resting men and was not changed if the subjects exer-
cised at the higher temperature (82). Following ice water ingestion,
the averzge emptying time of the stomach Was; delayed 30 to 45 mimutes (52).
Relatively large quantities of water (1,000 ml) taken with meals had
no significant effect on gastric emptying time (180).
Failure t0 zbsorb water fast enough from the alimentary tract
was postulated as a factor causing voluntary dehydration in man (56).
The average time for gbsorption of deuterium oxide (DEO) from the
stomach of healthy, resting subjects was 34 .2 minutes for 67 percent
and 54.2 minutes for 95 percent of the administered dose; from the
small intestine the sverage time was 3.7 and 10.0 minutes for 67 and
Q0 percent respecitively (157). This differential rate of ebsorption
was also cbserved using varying concentrations of NaCl. Hypertonic
saline failed to influence the rate of sbscrption of water in the
stomach, but significantly retarded absorption in the swall intestime (110).
Deuterivm oxide passed from the small irtestine into the blood stream
about twice as fast as radicsodium; both were absorbed rapidly--6T
percent of the DEO in seven minutes and the same amocunt of radiosodium
in ten minutes {141). The rate of absorption of both D0 ard radio-
sodium were significantly reduced following the intravenous injection
of metharthelire bromide (Panthine). The reduced absorption was attributed

to a diminution of the absorbing surface to which the isotopes were
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exposed due to the hypomotility produced by the drug (83). Water is

also exchanged in the large intestine., The mean flux cut of the lumen
was approximately 7.8 ml per minute and the flux into the lumen was
6.0 ml per minute. The net flux into the circulation was 1.8 ml of
water, 0.28 mEg. of sodium, and 0.39 mEq.‘of chloride per minute dur-
ing constant perfusion of the colon (115).

Salivary flow is definitely related to thirst and drinking (36,76)
but its relative importance to the total mechanism has not been es-
tablished. However, persons with congenital absence of salivary glands
experienced thirst, did not have an increased water consumption,
and seemed to have a normal water and salt metabolism (167,168). These
findings would indicate that the salivary glands are not the most
important mechenism of thirst but they cannot be dismissed entirely
because compensatory mechanisms might have come intc play in the subject
with no glards. Intravenous injection of 5 percent sodium chloride
was associzted with a reduction in salivary flow and severe thirst;
the plasme and exbrzcellular volures increased 5-10 percent. Drinking
400-600 ml of water 20 to 30 minutes prior to the salt injection
alleviated the thirst and the reduction in salivary flow caused by the
salt injection even though the same increase in the plasma and extra-
cellular volumes was observed (86). These observations suggest that
osmotic changes are not the only factors influencing thirst and that
volume changes must also be considered.

Part of the satiation mechanism might be activated by muscular

activity in the esophagus. Dehyirating men exhibited an increasing
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activity of the esophagus that died away after swallowing a few times (10L4).

F. Recapitulstion

Thus many pzarameters: heat, cold, exercise, food, sweating, de-
hydration, electrolyte changes, and gastrointestinal factors, are seen
to be related to drinking and voluntary dehydration.

1. Voluntary dehydration usually begins after a water loss of
about two percent of the body weight. The more water lost, the longer
the time needed for complete replacement.

2. Drinking is greatest immediately after exercise rather than
during exercise; drinking is also igcreased during rest pericds, es-
pecially at mealtime. Cool water is usually preferred to warm water;
citrus fruit drinks show varying degrees of acceptance. BSalt water,
milk, alccholic and carbonated drinks are not well tolerated in the
heet. However, Finnish lumberjacks drink sugared milk during their work.

3. Drinking is closely related to food consumption. Following
starvaticn, water intake parallels food intake. Most of the liquid con-
sumed during fasting is excreted, probably due to sodium depletion.
Following dehydration and starvation, the quantity of water retained
is just encugh to make the body water slightly hypotonic. If glucose
is added to tre water, more water is retained by the body.

L, fThere may be some adaptation to dehydration--less water is
consumed in stccessive pericds of dehydration.

5. "The ciirmatic effect on the increase in water cornsumption is
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due to increased water loss in the heat. Voluntary dehydration is

usually observed after exercise in the heat. Water intake is roughly
proporticnal to the daily maximm temperature above 60° . Acclima-
tization to heat seems t0 increase the water intake. At the same
effective temperature, thirst is less arnd voluntary dehydration is less
in a hot-wet compared to a hot-dry environment.

6. Thirst following saline intake subsides after about eight hours
although the excess salt is retained in the body. Intravenous in-
Jection of a five percent salt solution decreases salivary flow and
increases thirst; preinjected water diminished this reaction. BSaline
is retained lorger in the body than plain water. Voluntary dehydra-
tion occurs following loss of salt and not water and loss of water
but not salt. I both salt and water are lost simultanecusly, re-
placing the salt does not alleviate voluntary dehydration very much.
Water intake follows salt intakXe up to 15 g/day; high salt intakes
can depress drinking. Water ard salt intake increase, approxirmately,
in proportion to the losses.

T. TFollowing potassium ingestion, thirst is not increased as it
is following sodium ingestion. Serum chloride decreases after drink-
ing. The regulation of plasma chloride takes precedence cover the
reguletion of b2dy volume.

8. Hyperosmotic serum is not associated with thirst if there is
hypothalamic destruction. Hypothalamic integrity seems to be necessary
for the manifestation of thirst.

9. Water gulred in large drafis seems more satisfying than small
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drafts. Large awmounts of water drunk rapidly may cause vomiting.
However, cnce the initial vomiting is over, large drafts can then be
consumed and retained.

10. The capacity of the stomach may prevent rapid rehydration.
Hard exercise and emotional conditions delay gastric emptying; mild
exercise facilitates emptying. The higher the level of physical fit-
ness, the greater is the intensity of the exercise needed to delay
gastric exptying. Cestric emptying is faster at 48.9° ¢ (120° F)
than at 25° ¢ (77° F). Ice water delays emptying arnd large quentities of
water taken with meals have no delaying effect.

11. Water is absorbed much faster from the small intestine than
from the stomzch. In the small intestine, water is absorbed twice as
fast as sodium. Hypertonic saline has no effect on the absorption
time in the stomach, but it significantly retards sbsorption in the
small irtestirs. Decreased motility of the small intestine also delays

absorpticn.

III. VOLUNTARY DEHYDRATION IN ANTMALS

Tris materisl will be presented and discussed under the followlng
headings: the drinking pattern, neuro-endocrine factors, electrolyte
variations, henorrhage, heat and dehyGration, exercise, gastrointestinal
factors, and fool intake, followed by a recapitulaticn.

Drinkinz pattern. Drinkirg rarely occurred before the dogs

lost 0.5 percent of their body weight (1i4). A deficiency of body water

appeared to be the chief factor in irduci drinki not the time that
pe ng ng,
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lapsed during its loss. The amount of water drunk was accurately pro-
portioned ‘o the water deficit at each draft even though there was
little absorption before drinking ceased. The authors presented tﬁe
concept that the state of hydration was continually oscillating about
the point of water balance. The amplitude of this oscillation was quite
constant and the pericd varied with the rates of water exchange, the

latter being influenced by changes in the rates of catazbolism or

~~~~~

sudden additicns of food.

Flstulous dogs, dehydrated at least two percent of their body
weight, sham-Crank enough water tc equal the deficits every LO mimutes (1).
The veloclty of drinking in fistulous dogs was nearly constant during
the periods of continuous drinking and the intervals between drinks
were characteristic of each animal (3). Further, normal dogs » when
deprived of water, satisfied their thirst with a single draft in less
than five minutes and exceeded the water deficit by less than 17 per-
cent, il.e., ther always .overhydrated. Bellows (28) confirmed Adolph's
firdings concerning the time factors and individual drinking patterns
in fistuls 2, debhydrated, dogs. Two additional factors were brought
out concerning the satisfaction of thirst: an excessive amount of water
passing through the mouth apd pharynx conferred immediate but temporary
satisfaction, and repetiticus drirking and swallowing was inhibited
when the water entered the gut. Permanent satisfaction was conferred
by procssses operating lower in the gut (28).

2. Xewurd-endocrine factors. Kormal dogs and those with diabetes

wrpn



J;r;o')

-30-

insipidus showed no slteration in their drinking responses following
anesthesis of the pharynx, and resection of the olfactory, trigeminal,
and glossopharyngeal nerves (29). Im addition, the effects of vagotomy
and sympathectomy on drinking were investigated by Towbin (178) to
define the role of the gastric distention factor (177) in controlling
water inteke. Vagotomy caused the dogs to increase the size of tThelr
drinks, This would be expected if the vagi carried afferent dis-
tention stimuli. If the stimulus to stop drinking were abolished,

the shut-off rechanism would tend to be sliuggish and the dog would tend
1o overshoot ris usual water intake. Thoracic sympathectomy had the
opposite effect of vagotomy. During the control periods it was ob-
served that the dogs tended to drink the same amount of water with each
draft. The volume was not grossly affected by envircnmental tempera-
ture, total food or water inbske, or small ckhanges in body weight. The
total water consumption per day was controlled by varying the number of
drinks.

Thyrcid feeding (16-80 gr/day) incressed fluid intake five %o
eight times that of the control pericds and, in most instances, the
drinking vas greater (by 2 1/wk) with isotonic saline than with water (84).

Fcllowing TaCl injection, the only way Pitressin affected sham-
drirking was <o delay its onmset by 10 to 20 minutes (28). BParker,
Adolph and Xeller (25) concluded that hydropenia (5 percent) and hyper-
chleria (10 =1 3aCl/kg) did not affect drinking in the same manner.

(1) EHyircpenia was enhanced by Pitressin, hyperchloria was not; neuro-

hypophyseal lesions acted like Pitressin. (2) Pitressin alone was not
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a stimilus to drirking. (3) The stalk of the hypophysis was not the
only pathway of gastric influence because the overdrinking dog was
still subject to inhibition from gastric filling (25). Their dogs with
lesions presented an abnormality of drirking that was irdeperdent of
urinary excretion.

Ablaticn of the ventral anterior hypothalamus led to polydipsie,
but if the lesions were extended dorso-laterally, adipsia resulted.
After the Zogs became severely denydrated, they refused plain water.
If the water was baited slightly with meat juice or milk, the animals
drank ravenously; they perceived the baited water as food but not as
water (187). This latter firnding was confirmed by Ancderson ard McCann
(19) who also found no correlation between the absence of drinking
and diabetes insipidus. The degree of depressed drinking was propor-
tional to the size of the hypothalamic lesion. These two studies further
support the role of the hyrpothalarus in the control of water intake.

Higher brain structures also exert an influence on water intake.

Amphetsmine (1L =z/kg of body wt) will inhidbit the urge to eat and
drink in the ncrmal dog after an intravenous injection of 20 ml of a
20 percernt KaCl solution. This was no longer the case in three out of
five dogs after “"prefrontal lcobotomy”. The lobotomy alone 4id not reduce
normal drinking cr the amount of water consumed after injecting hypertonic
saline (15).

5. Electrolyte variations. Muach work has been done on electrolyte

veriations znd water intzke. Darrow arnd Yannet (45) studying dogs,
rabbits, ard monkeys, described two phenomera which have teen incor-

orated into the osmometric theory of thirst. The first involved the
P
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loss of extracellular electrolyte with little change in total body
water., This condition induced symptoms and signs of debhydration,
although there was no water loss., It was postulated that some of the
extracellular water shifted into body cells. In the second condition
there was an increase in extracellular electrolyte with little change
in t.otal bedy water. Here, only thirst was evident because water had

- =

shifted from body cells into the extracellular spaces. These, and
similar observations on man by other investigators, led to the idea

that the thirst mechanism could te explained by the degree of cellular

hydraticn (csmometric theory).

ter the dehydrated state had been prolonged for seven days, the
following additional observations were made: The signs and symptoms

of dehydration persisted until the sodium chloride deficit was replaced.
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1t deficits refused to eat:; other dogs in similar
condition vorited if focod was in the stomach when the electrolytes
were remcved. Cliguria was present for about 24 hours and ro water
was drunk during that time; when urine flow was re-establiished, water
intake and urine cutpul approximeted that of a starvation condition.
The signs and symptoms of dehydration were unaffected, in spite of the
comparatively normal fluid inteke. It was concluded that:

1) denyiration is a thenomenon which does not involve body

2) diurcsis does not develop under certain conditions charac~
“erized by a relative excess of water in relation to
electrolyte

3) +thirst is not an obligatory accompaniment of dehydration
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L) +water intake and urine output may be normal in the presence
£ denydration (L6).

Gilman (70) advenced the osmometric concept of thirst ome step
further. After injecting 2.5 ml/kg of either 20 percent NaCl or 40
percent urea, he found that despité an identical rise in blood osmotic
pressure, the fluid intake 15 minutes after sodium chloride adminis-
tration was 32 ml/kg, over twice that following urea. After NaCl, the
blood osmotic pressure returned to normal within an hour; after urea,
the voluntary water intake was so low that the osmotic pressure re-
mained elevated for some time. Gilman concluded that cellular de-
hydration, as oppcsed to an increase in cellular osmotic pressure
per se was the stimulus of true thirst. Bellows (28) exterﬁed Gilman's
observations. After NaCl injection, sham-drinking started immediately
and reached a meximum in ten minutes; after urea, the instigation of

in-

n

shem~drinking was delayed 10 to 15 minutes. Thus, intravenou
jections of sodium chloride led to immediate drirnking of a sufficient
guantity of water to lower the blood osmotic pressure to normal within
one hour, while injected urea delayed the onset of drirking much smaller
quantities of water sc that the osmotic pressure remained elevated

for an extended period of time. Since the NaCl and urea were iscsmolar
solutions, elsvation of osmotic pressure was not the mechanism con-
trolling water intake. The type of osmol seemed to be important as
well. Remington, Parkins and Hays (142) stressed the importance, not

only ci the extracellular electirolyte levels, but also the intra-

cellular volume. Dcgs maintaired on a salt-free diet did not drink
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the dog was given water at once or at the end of one to four hours.

11) The rsiation between the increase in serum sodiwm concentration

and the water intake may be different in different dogs. The drinking
response to a test sclution, composed of 50 percent glucose combined
with ten percent NaCl, was the same as that obtained with ten percent
NaCl alone. Csmotlcally equivalent solutions of sodium sulfate, sodium
acetete, ard solium chloride were administered tc evaluate the chloride
ion as a stimvlus. The drinking responses to the three solutions were
essentially the same. After the injection of 20 percent NaCl, three
dogs each drark twice as much of an 0.8 percent saline soclution than
plain water. The saline drinking was completed long before the in-
gested Tluid produced measurable changes in the concentration of the

serum electrolytes. The main conclusion was that thirst was not

specificzelly regulated by the blood sodium or chleride concentrations.

te ouservaiion that some dogs showed decreased drinking Tollowing

]

extracellular electrclyte depleticn by peritoneal dialysis was pro-

bably due <o the general derpression following such procedures and not

to cellular orerhydration (41). Following salt loading, dogs differed

in their excreticn patterns as well as in their water intakes. Two

types of reguieting mechanisms were observed: maximal internal regula-
tors corrected any imposed imbalances mainly by drinking; minimal

interral rezulaiors excreted large volumes of dilute urine (94). The
kidneys do not serve as thirst receptors because dogs will drink the

same apount of water after a salt load, both with and without kidneys (93).

Following injections of bypertonic saline, procaine had little
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while their intracellular fluid volumes were maintained above normal
by intraperitoneal giucose injections. Drinking returned when the
intracellular volumes were reduced towards normal. Intake then rose
to polydipsic levels)but extracellular volumes were not restored to
the pre-sxperirental levels until sodium chloride was given.

Scre additional observations that tended to discredit the os-
nonmetric theory tut extended our knowledge of thirst and drinking were
put forth by Holres and Gregersen (87,88), and Holmes and Cizek (85).
In the course of experiments with intravenocus injections of hypertonic
solutions in dogs, Holmes and his colleagues cbserved that: 1) With
equal doses of salt, there were large individual variaticns in the
duration of drinking and the amount of water ingested. 2) Each dog
had his o characteristic response pattern that was consistent from
day to day. 3) The volume of water irgested was not related to the
amount of watzr necessary to dilute the injected salt to isotonicity
as suggested by Gilman (70). L) If water were pleced in the stomach
30 minutes tzfore the test, drinking did not occur. 5) If water were
placed in the stomach at the time of the test, drinking &id occur.
This was probably due to absorption. 6) If the initially ingested water

was withdrewr throu

%

a gastric fistula, drirking began again within

five minuvies,

T) Denervatiorn of the stomach did not alter the drinking

-~

response, &, Iitressin given before the salt injection delayed the
onset of drirking, confirming Bellows (28). Q) Sorbitol and sucrose
were as effective as sodium chloride in eliciting drinking, glucose

was much less effective. 10) The drinking response was the same whether
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effect on water intake and bilateral section of the vagcsympathetic
trunk in the rneck and complete sympathectomy did not influence the
latent pericd or volume drunk (51). The volume and injection speed
of the hypertonic saline influenced the drinking responses. Smaller
doses injected over a longer period of time diminished the water in-
take and the responses became more consistent (50).

Holmes and Montgomery (90) postulated a mechanism for the

satiation of thirst in dogs:

Fessage of fluld {through the mouth and upper esorhagus
tempererily relieves thirst for approximately 10-20 minutes.
The presence of fluids in the stomach satisfies thirst and
irhitits drinking for a perlod starting after abcut 20
wies and lasting 1-2 hours. The gastric factor in satia-

tion of thirst seems definitely to be related to distension
of the stomach, presumably affecting'pressure receptors?
It is not affected appreecizbly by the type of fluid introduced
. into the stomach. The absorption and eventual redistribution
of fTU Zds in the body presumably would confer permenent
zitisfection of thirst after 1-2 hours. The mectanism by

peew

thi" is acccmnlisbea or the time interval regquired need
' The effect of absorpticn and distribution
_sazlsfyiug thirst might be mediated either
osme or vol*"n rﬂcepdors, ur uhrcubn effects on the
a

thet I u.ds 1ntrccuced dﬂrec+ly into tre blood cannot
ute for the gastric factor in the satisfaction of

2% least for the lst hour and probvebly for periods up
ours after ingestion (90).

4,

Herorrhage. Another condition that will increase water in-

take is nemorrhage. A fluid inteke of 250 ml for 12 hours preceeding
ge irac increased to 755 ml for 12 hours following the loss

of blood (172). However, Holmes and Montgomery (89) observed

Loving hemorrhage, thirst occurred only when associated with

AEEO
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. Heat and dehydration. The effect of heat on the water intake

in dogs wes studied by Flinn (64). The purpose was to apply the ex~
perimental resulis from dogs to furnace workers employed in the glass
industry. Iro the dogs ad 1libitum water drinking kept the body tem-~
persture down, allowed no change in the alkali reserve, and kept the
blood sugar concentration and the pilood sclids from rising. The dogs
were ahle to maintein their body weight within three percent during
four heurs at 500 C while drinking water at 300 C. It was noted that
dogs were mors severely affected at those high temperatures than the
furnace workers. Dill, Bock,and Edwards (L8) observed the same
phenomencn. When water was taken ad 1ibitum by man and dog, during
a long walx in the heat, the dog maintained its body welght but the
man progressively lost weight. That was an examp
hydraticn in +the man. The difference in water intake was attributed
to the salt loss in the man. Tke serum chlcride concentration in both

the mar

AV

-4 dog remsined essentially constant. Fraiuuably, ernough water
was drunk ©o maintein a constant chloride concentration. Since the

man was losirng salt in his sweat, he drank less water as Sime went on.

Sim
Dogs exposad to 48° ¢ for four hours did not drink encugh water

to maintain their control body weight (94,6). The drinking pattern

varied with the time of exposure. During two-hour expesures the total

water intake -ras the same whether water was drunk ad libitum dQuring the

exposure or baken after the exposure was corpleted. During a four-hour

exposure, the guantity of water drunk was larger after the exposure

compared with ad libitum drinking during the exposure. Iwo-hour
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dehydrations affected primarily the volume of the extracellular com-

partment while the four-hour dehydrastions depleted both intra- and
extracellular spaces (94). This would indicate thatrthe intrecellular
dehydration probsbly caused the increased water intake after the four-
hour exposure. Shek (160) found that the rate of absérption from the

mall intesiine was inversely proportional to the rectal temperature.

An dncrease by 53 C or more considerably reduced the irtensity of ab-
sorption in all the expsrimenis. The dogs were, on the average, 2.0

to 3.5 percent dehydrated during the above experiments. Stickney,

Northup and Ven Liere (173) noted that only severe hyperthermia caused

bel stren~

) a significant reduction in the motility of the small intestine;
uocus exercise, cold, pain, dehydration, and moderate hyperthermia were
ineffective.

During high temperature stress there was an increase in urinary

potassiwm due to tubular secretion, that mright be & ccmpensstor
P 2 iy

adjustment of the intracellular osmotic equilibrium due teo the rapid

i

after en initizl rise, fell in both concentration and total quantity (55).
vt m = o) .

AfTter anssthetized dogs were exposed to 49~ ¢ for three 1o four hours,

the glomeruler filtration rate ard renasl plasma flow fell significeantly

in both the hyiireted and dehydrated conditions. This fall was due 1o a

sligh% decrescse in the mean systemic blood pressure combined with a pro-

|3

gressively incrensing intrarensl resistance (95). It would seem that
heat exerts its influence independently of the degree of bodily hydration

and that the kidney has difficulty in compensating for the changes.

XERD
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6. ZExercise, Muscular exercise has been shown to irhibit water
intake. Dogs, running om a treadmill for 90 minutes at 12 km/hr, did
not drick erough water to compensate for their weight loss (161). The
same results were observed following running for 9C minutes at § km/hr
at 50—560 C. <However, when the dogs were allowed to drink after a bout
in the heat withcut exercise, the time that water was offered sig-

Fo 3

nificantly influenced the water intake. If water were provided only

£

at the end of the 60-120 mimute heat exposure, the two dogs drank water
approximately equal to their weight loss. If water were given only at
the end of each 30-minute period, the dogs drank about 1L percent more
water than their welght loss. If water were allowed ad libitgm, the
dogs drank about 28 percent more water than their weight loss (161).
Since dogs exrosed: 1) ornly to heat overdrank; 2) only to exercise

underdranz, &

o]

ezsornable inference is that the exercise was dominant
over heat in determining water inteke. These firdings would also in-
dicate that it was not the heat compornent of the exercise that was in-

.4

fluencing drirking as this would tend to increase rather than decrease

T. Castrointestinal factors. Another factor that must be con-

sidered is the effect of exercise on gastrointestinal functions. Muscular
exercise ral £ warked irhibitory effect on gastric stimulation, whether
induced ¥ histemine or by food (78). The inhibitory condition could

be transferred 1y a blood trarnsiusion from an exercising dog to a resting

one. Shex (159) could detect no change in distilled water absorption
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after degs ren €0-90 mimites at 2-9.5 lqn/hr. Yo absorption of isotonic
salinc c cbserved either in the resting state or after muscular work.
“"Anoxemia of gredes of 10 perceni oxygen or less s in barbitalized dogs,
couses irhibition of gastric digestive motility as indiceted constantly
by a Gecreased emplitude of contraction anmd frequently by a fall in
tone” (LL). TFurther studies remain to be done to clarify the relation-
ship beTween exercise and gastroirtestinal functions.

The role of the salivary glands in the thirst mechanism in degs
is controversizl. lMontgomery (125) feund that after total extirpation
of the salivary glands the average daily water inteke was not increased.
The buccal mucosa remained in a rather moist condition. Gregersen
and Cannon (77) extirpated the salivary glands and tied off the parotid
ducts and fourd an increase in water intake following one to +wo hours
of pén‘bing. Tohvs a dry mouth was associated with increased drinking

while & moist

o]
3
D
=
o
]
o]
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Stomach distension reduced the voluxe and frequency of sham-drinking
(l’TT), ard decreased the water intake following intravernous injections

of 20 percent sodiwm chloride (124). If the distensicn {valicon) was

introduced L0 minutes before the salt injection and then deflated when
the salt was injected, drinking was delayed up to one hour.. The in-

drirxing did not occur if the stomach was disterded for only
five minctes. Cocalinization of the stomach abolished the inhibition
of drirking cezmzed Dy the siretching of the stomach (distension inhibi-~

tion) (12%).



TR0 -

.

I

Fasting can reduce the water intake to 25 percent

of normal (101,75), but drinking will gredually increase as the depri-
vation continues (39). Dogs drank almost all their 2h-hour volume within

two to five hours after feeding, but if water was withheld for several

heurs following each feeding, the 2li-hour intake was much less than when

allowsd 20 1ibitum throughout the postprandial pericd (15).

The posiprandial thirst was, in part, temporery. Provided the diet was

%, there was a gquantitetive linear relationship between

Lo

food and water intakes in 18 dogs over a period of seven years (39).
Wnen the dietary water content was changed, drinking was readjusted so
+hat the ratio of water to food remained constant.

9. ©Pecapitulation. The rehydration literature on dogs may now

2. Weiter intake is influenced by food intake. TFesting de-

% of the normal volure, but drink-
ing slowly reccvers with time. Postpravdial thirst is temporary. Over
long veriois of +ime the water-to-food ratio is practicelly ccnstant.
b. Tre substances used to increase the blocd osmotic pressure
determine the rate arnd volume of water inteke. NaCl injections stime
ulate drinking irmedistely, while urea delays the onset. Sorbitol and

sucrose act lille Tall; gluccse acts 1ike urea. The scdlum ion is more

important than the chloride in stizulsting drinking, but neilther ion is

[

the sole regulsbor of water inteke. Water intake is more closely re-
lated tc the intracelliular volime than 10 the extracellular volume.
Hemorrhege stimuletes drinking, especlally when accompanied by shock.

c

. Water passing the pharynx gives temporary satisfaction. A
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drv mouth ircresses water intake. Anesthetizing the pharynx and section-

ing the nerves of %aste ard swell has no effect on the quantity of water

d. Tncreased pressure in the stomach inhibits water intake.

The pressure must be present longer than five minutes. Cocanization of
+he stomach e-oliishes the distension inhibition. Vagotomy increases
and therecic syrpathectomy decreases the size of the drinks. Total
stomach denervation does not alter drinking. Gastric distension is
partially or wholly independent of reurchypophyseal lesions.

e. Keurchypophyseal lesions definitely affect water comsumption.
Vermtral-anterior hypcthalamic lesions cause polydipsia while dorso-
lateral lesions lead to adipsia. The adipsia is not related to diabetes
nsipidus. The lesioms, if properly made, are specific For waler and
not food. Deprassed drinking is, within limits, proporticnal to lesion

size. Witk
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of urinary excrstica.

f. Tavrcid feeding increases water consumpticn. Frocalne has no
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f drinking and

is not & drinking stirmalus. Amphetamine inhibits water inteke but the

ibition is szbclished feollowing pre-frontal lobotomy.
g. Muscular exercise depresse ter consumption.
h. Infiiiéuality pleys en importent role in drinkirng. Each

i%5 abaracteristic drinking pattern and drinks about the same
emount of ater in each draft. The latter is not influenced by environ-

mental temperaturs, food, total water intake, or small changes in body
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welght. The c=21ly water consumption is often determined by “he mumber
of drinks, not the size of each draft. Some dogs correct any water
imbalence meinly by drinking while others correct it mainly by excretion.
i. Degs in very hot surroundings exnibit voluntary den iydration,
probably due to gastric inhibition. Dogs in warm surroundings often

overdrink, while et room temperature they repidly drink water egual to

Lack of body water, nct the time between drinks,
svarts drinking. Tairst is not alvays proporticnal %o the severity of
cehydration. Urder some conditions of dehyiraticn the water intake and
the urine output may be normal. The kidneys are not the mechanism

of thirst regulation in the dog.

B. Rats

maverial in this section will de reviewed in the fcllowing

sequence: norrel pabierm of water inteke in the rai, neuro-endcerine

factors, elecirolyte chenges, gastirointestinal influences, heat and
denydration, henorriage, and physiological-psychological parameters

involved in drirking, follcwed by a recapitulation.

1. ¥orpzl crirnking pattern. Adolph has descriped the normal ttern
p g

of water irtakXe in the rat.

1y The rat takes slightly more than enough water to
eher talance, just as the dog and rabopit c¢o. The
ferences are that the rat requires nearly an hour to
8 water instead of the few minutes used by those

o and that initial body welght is an insufficient

sure o zero loed of water (5).

Voluntary &denydralion has been cbserved in the rat, partly tecause the
rat characterisitlcally drinks small amounts of water at each draft; it

vas less in very young rats and greater in adults (12). In additionm,
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the voluntary dehvdration was cortrolled to a very small degree by the
kind of food zvailable. £&olph et al. presented a comprehensive theory
of water iInteke in the rat

-
.

Water inteke may be separated into four thases:

a) seeking water . . .

b} drafd ter, which is driven by the urge to drink

c) stopph draft at a measured smcunt, this temporarily
count a &b

i) skso distrivuting the water to tissues gen-
era unknown receptors in particular, whereby
the or a & b are removed

evidently zctivate a & b. The modulstors control
2y shorten or proleng the drinking periocd, and
' The total result in tissues is eventually

pedded in the hypothalermis. Receptors that activate ¢ may
mostly be elsevwhere, and at least in stomach, pharynx, and
tongue (12).

. 3 + e 3 1o n! + - - 4 a

This theory is probably applicable to most other animals, ineluvding man.
= st R Fanrd - + ~ 3 I = - - S e

Body weignt 2 skin ares were not directly related o water intexe. If

an irGirezt relzvionsikip was adduced, it appeared to be dependent upon

o
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-xeretory capacities and fcod f-=2ke (8).

2. Ieuro-exndcerine factors. After cutting the olfactory bulbs,

the operated rats drank 60 percent more water than control animals. Rats

with cut cllactory tulbs reacted to a water deficit primerily Dy de-

creasinzg urine evcretion while rnormal animals did so by incressing water

consumption (132).

That the areas in the hypothalamus

separable. ILesions of the lateral

_-ad

hypothalarus projuced only adipsia in 11 out of 100 rats. The other 89

=T
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were both adipsic and aphagic. The specificity of the ventromedisl
hypothalamic rucleus in conbrolling only hunger has been questioned.
Electric currert levels that inhibit eating were generally sufficient
to cause rats tc stop drinking as well (103). It was suggested that the
most ventroxzedisl stimulation prevented eating by distracting or up-
setting the rats. The dependence of drinking upcon food inteke could
be explained by the proximity of the two centers in the nypcthalamus.

It has been suggested that the subcommissural organ played an
important role &3 a thirst regulator and had endocrine proverties

) rd

(67,68). TFoldvari et al. (65) examined the influence of the sub-

=

comnissural organ (SCO) on electrolyte balsnce and concluded that the
SC0 was important in regulating salt balance and was a mineralocorticoid
activater. Cther investigators ccneluded that the SCC plays no role in

water metatolisnm through contrel of thirst or of gldcozterone secretion

[

(179).

X

Scrme strains of mice, when treated with estradiol, increased their

drinking =nd excretion of fluids. There was also a retenticon of water
(176). Atropin: has been used to test the dry mouth theory of thirst
(36). Conmtrary %o Cannon's results on man, more recent evidernce indi-
cated that atropine depressed drinking in rats; and the effect was not
deperdent upcn foxd intake (153). Stein (169) investigated the effect
of atropine ard scopclamine on eating and drinking,end concluded that
the depression of eaiing was a peripheral effect and the devression of
drinking wes centrel. While the two anticholinergic drugs warkedly

reduced water intake, their methyl analogs did not.
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tropine, administered inbtramiscularly, pilocarpine, doryl, and
posterior pituitary extracts inhibited the large turncovers of water
that raits were induced to drink when large amounts of water were mixed
with thelir fecod. OFf the drugs tested, only postpituitary extract sup-
pressed diuresis; the other three seemed to inhibit water ingestion
. After Pitressin injections, the voluntary water intake
decrezsed moOre than urine volume and plasma osmelality was increased
significantly over the control group (139). Thus the antidiuretic
hormone may have a deprressing effect on water intake.

s

3. Tlectrolyte changes. Gamble, Putnem, and Mcihann (66) measured

the water reguirements for removal of urea, and the eiectrolytes lNaCl,
XC1, and XHCO,. They ccncluded that the water requirement for each

of the three salis was nearly the same, but the quantity of waler
necessary for rencving egui-csmolar amounts of urea was much less. After
slow infusions or rapid injecticns of varying =amcunis of hypartonic

Ka, 2SC » 0=Ci, suerose or urea, the amounts of water consuzed by neph-

rectomized rats were the same (63). In addition, the drinking threshold

of rephrectcomized rais infuseld with hypertonic “ﬁESOh and aCl was ap-
proximately a two percent increase in osmotic pressure (63); sucrose
s 2.4 percent avd urea was 5.5 percent. The threshold of rnormal rats

0 hyrertonicz ¥all wes a 1.6 percent increase in osmotic pressure. Here

again we see That the kird of osmol is Importart in water intake.
The

ncd of producing dehyiration determines the pattern of

drinking. Sulcutanecus injections of sodium chioricde delayed the onset
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of drirpking by 3.8 mimutes while drinking commenced immediately fol-
lowing deprivetion and continued for 15 minutes (191).
The slectrical conductivity of brain tissue is related to the
degree of thirst in rats. The concentration of electrolyte by itself
did not predict water intake even though there was a close relation-

ship betwezer the twe variables (133).

C'¥elly (135)

)
o

£

5 using the techrigue of predrink stomach lceding,

studied the waiter ingestion in rais dehydrated 23—1/2 hours after:

1) wvarying the volume of prelosded tap water; 2) using fixed preloaded
water volumes of varying NaCl corcentrations; and 3) alloving rats
voluntarily to drink =Ll solutions of varying corncentrations. In the
first experixzent, voluntary intake was decreased nronort nally to the
volume of the prelozd; the total intake, p*eload plus volunts
creased provorticnaily to the prelcad volume. The results of the

secort erperizent indicated that prelcading 0.50-0.75 percent saline
solutions sigrificantly increased w intake 2bove tne drinking that
followed preleaiing with water or 0.25 percept salire, Sz2line solu-
tions of 1.C0--3.00 percent produced even greater voluntary water intakes.
When the rats drarnk various salt solutions ad libitun (experiment

three). @, concentration from 0.25-1.0C percent produced an increase

£

in drinking orer tap water; however, no significant differences in

¢:3orved between the 0.50 and 1.00 percent sclutions. Both
of them vere :irnk in significently greater cuantities than either 0.25

RESES

percert salinz or tap water. Taste, as well as an zbsorption factor
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were implicated in determining water ingestion. Solutiéns of scdium
chloride greater than one percent were consuwed in decreasing amounts.
When thess hypertonic solutions were placed directly into the digestive
tract they stirmulated drinking. Thus the animal was protected against
dehydration because hypertonic fluids in the intestine stimilated

drinking while drinking was irmhibited by hypertenic fluids in the

. Gestroirtestinal influences, As in the dog, gastiric factors

play an imporient role in the dripking response in rats. Rais,
preloaded with water following 23-hour food and water deprivation showed
patterns of drinking different from rats which had experienced only
water deprivation. Any prelozd of water above half the maximal

voluntary consurvtion irhibited water intake; prelozded water fended
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rcnounced 2t the end cf the
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degree than the seme gmount of water injected directly into the stcmach,

pointing up Tthe yharyngeal satiating effect (121). Teste, and other
sensory mechsnisns in the mouth, dehydration produced by the csmotic

effects of hyperionic solutions in the stomach, and gastric distension

-
7

N

were re-s2 having en important influence on drinking (171).

dowever, recen . evidence would teni to de-emphasize the imporiance of

jisy e
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the prneryngesl effect. During pericds of direct intrazastric self-

injection (nasal-stomach tube), the daily water intake remained within
normal Limits (40). 'This observation indicated that normal water

intek= cccurred without the consumatory acts of licking and swallow-

Folloring ~hole tody irradiation (500 r), two periods of polydipsia

Posure. The second commenced after at least 48 hours post-irradiation
or lenmger in proportlion to the dose received and was associated with
recovery ané resumption of the normal food intake ( jl)

Like the dog, the water intske of the rat is closely associated
with food consumpliion. Both drinking during stervoticn axd eating

rrogressively declined bzlow the intake unfer ad

censuning less freguently (32,17C). Trhe sestric con-

fed with or without water was zbcut L5 percent water.

5 a gradual
precess in the rat., The drinking is rapid and continucus for the first

few minutes orly arnd it takes cver an Thiour to rehydrats to the control

Y,
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weight. The rat characteristically overhydrates as do the dog and
ratbit (5). Rets drirk very litile when expeosed to very hot environ-
ments but often overhydrate in moderately warm temperatures (8).
Finger ard Feid (61) found that it tcok rats less than 24 hours to
recover from a 2L-hour dehydration, tut it took about six days to
recover Irom a 72-hour dehydration.

Weier intske choved a sigmoid relationship to privation interval.

The reletion between number of hours of privation and +he tody weight

loss was linear and negatively accelerated (162,71).

Urder all conditions, the rat drinks at a constant rate
or it dces not drink at 2ll. The tongue alwavs laps water
et & rate of six to seven times per second, and with each lap,
rats get between 0.004 and 0.005 cc of water. Thus, whenever

the rat drinks, it drinks at a rate of about 0.03 cc per

£ SEmdrrnage.  when rats were hemorrhaged to about & percent

volume, they drank no more than control snimals dur-

&. Rzduchtion of stimulaetion (a restricted e:vira:ment)
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reduced fool corsumption ard water intake. The former fell off about 25

£ 1

tercens the letter about 13 percent (182).
2. After eating dry food, rats failed o deronsirate a learned
drive based on thirst {134).

c. Ford sots as a reinforcer (reinforces eating veravior) only
if a rat has dncurred some critical bedy weight loss, and provided a

rat was doori

of water some critical period of time (33).
d. Toirsiy rats would lick at a stream of air (air-drirking)

and this zcted as 2 reward for thirsty rats but not satisted ones. Air

drinking ceused erxcessive saliva losses, reduced subsequent water con-

sumption, and reduced the rate of bar pressing in order to get water

(81).

8. Pecapivwulsiion. A sumsery of the factors {other then physiol-

inflivencing drinking in rats is == Follows:

s~ maa v =} 1 - 4 e = ol =T e
Z.  uaier comperable circumstances, the rat tskes zhout ten

ing the vciume during each drink. Thus rats drink % a

r not at zil. The rate of drinking is about 0.03 ml/mi;. Body weight

20t ssem te e directly related to veolumbary water

b.  TFellwiing water deprivation, the rat overhyirates slightly
in a pormzl cr nolerately warm enviromment while very hob surrcundings

significantiy izhibit drinking.
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¢. Gastrcintestinal factors and dehydraticn are closely re-

lated to drinking responses. Water by mouth causes a greater reduction

in dripking than an egual emount introduced directly into the stomach.
Preloaded water,.sreater than one-half the ad libitum intake, inhibits
eating enld Crinkirg. CIrinking durirg starvaetion and eating Juring

ted legarith-

W

mically to the privetion interval; body welght loss is rele*ed linearally

to the privatior intervel. Following x-irrsdiation, rats show two

viipsiz, one at 2L hours and the secord after 48 hours.

increasss visler consumoilion about 40 percert Qlfesectotomized rats rezct
L T e a2 vl oS A T __L_vaAJ. .C v - T L=

wnile normal rats vzt By ine

- K e L, N m 4 N A - ) % aa ey N
ereasing Thelir sater consumption. The influences of the sircommissural

a1l
TSl L

imhibiteor; funeio

well as Ciuresis,

L. The = f2cts of hemorrhage are controversial. TIn one case,

drinking after loss of one-half the blood volume was no diiferent than
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the controls; in ancther, water irtake after loss of one-third the blood
volume vwas five tires greater than the control ni mels.
g. Subcutaneous injections of sodiivm chleride deley the onset
of drirkinz while dehydration does not. The brain electrolyte con-

centration rer s2 will not lead to accurate prediction cf water consump-

tion. s
~ O o
VRS o

We gz211 oriefly surrmerize observations rertinent to the factors

controlling weter intake,
1. Folleowing water privation, the rabbit recovered its tody weight
less a few minutes after taking vater (5).
2. Touritzen gastric streteh receptors were identified in th

oyloric regicn in cats. The recepbers, connected to ver
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ng dlstensions and showe

4. The tramma connected with polylipsic-producing lesions of the

g
hen's hyocthalznis caused an initial decreasse in water consumption bew

SR Uit

fore the ol

(5 liters of water by stomach
tube) ircreasel the stimulus threshold for drinking in goets with per-

manent hyzcthalznic electrodes implarted in the "drinking

certer’. The

0’«

goats preferred water at 30 C to water at 12° C (18).
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€. Verming the preoptic area and the rostral hypothalamis inhibited

eating in hungry goats and also induced them %o drink large quantities

T. Chronic cocling of the preoptic area in goats irhibited water

O
3]
o
9]
I‘J-
1

v

g little alteration of food conswnrtion (14).

ied for six months, there was a quantitative
linear relationship between food and water intakes. The intake of both
fooed and waler decreased with inereasing age, water at a slizhtly greater

~ere

AL A Py o oo A A 4 - o i
aden removal of food led to polydipeia and poly-

urila; saline inzestion abolished the polydipsia, equimclar solutions of

+ - PR . R o - PR I
eturned, Cazstration of the female holished

12. Hypertonic saline soluticns injected intrevenously in cats
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resulted in increunszed electrical activity in the floor of +tha Tourth

L the dbex. This area may be a ceniral site

tolerate water losses of 30 percent of its body

o eat until the dehydration becomes severe. The

cantity of sixiy gallons, or two tarrels . . . .

1
a T
very large and cld one, abcut nine feed

was informed by Sidi Hamet; but the cther
ink as much in proportion (143).

14, Folloyire Tour days of weter deprivation, oxen drerk up o
o] ! b iy

55 liters of water in four minutes (30).

r TTRCSATY ATy ANITOT TIRT AT
e SURLAARY AnD CCHCLUSICIS

lretion was defined gs the

VolunTery den

rapidly, the rat and man do not. Concerning

the speed of vcluntary rehydration, the rat is about id~way between

Otrer animals, the latter being the fastest. The versinent

s . : 1 " .
CUeSTIon o Le arsverel is vwhy man takes 20 hours or longer %o regain

¢f six percent of his tody weight wken mos% other

animals csx 4o it in one hour or less.
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In

2]

an, intake is not proportional to the total volume
of body water. Regerdiless of the level of the water deficit arnd whether

the water was los

ct
o’
b

deprivation or by sweating, man regains the lost

water gt a constart rate. There is no gulping of water, as in animals
s 2

3 liter of vater and then stop because he can hold

2

is forcec Teyoni this point, vomiting will usuelly ensue. Prolonged

ooy
=)

vomiting wouid help to prevent.

There are rany factors that infiuvence drinking: the volume of

body water, osmctic ceoncentration, gastrointestinal sbsorption rates

-

concentration o the concert of volume of fluid have not preved too

matually Interdopenient.

The task asw is to uncover the relationships between the many

Sargent IT, University of Illinois,

; and Mr. Ste ond of Stanford

Undversity, for their valusble criticisms and suggesticns of the pre-

liminary drafts. Thanks are alsc due to Mrs. Lillian Douglas,
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¥Mrs. Viclet Welceh, Mrs. Ruth Srith ard Miss Joan Timko for their help

in the yprepsrz2tion of the manuscript.
Since this warusceript was completed the Proceedings of the First

Internstionzl 3ywposium on Thirst in the Regulation of Body Water

- s - —a N 3 T T B s Il !
(weyner. ¥.J. (Zi.). Thirst. Ilew York: The MacMillan Co., 1964,
570 pp.) was ..  Pertinent materisl from this volume has not

Tteen incluzed,
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